Terpenes, a group of structurally diverse compounds, are the biggest class of 29 secondary metabolites. While the biosynthesis of terpenes by enzymes known as terpene 30 synthases (TPSs) has been described in plants and microorganisms, few TPSs have been 31 identified in insects, despite the presence of terpenes in multiple insect species. Indeed, in 32 many insect species, it remains unclear whether terpenes are sequestered from plants or 33 biosynthesised de novo. No homologs of plant TPSs have been found in insect genomes, 34 though insect TPSs with an independent evolutionary origin have been found in Hemiptera 35 and Coleoptera. In the butterfly Heliconius melpomene, the monoterpene (E)-β-ocimene acts 36 as an anti-aphrodisiac pheromone, where it is transferred during mating from males to 37 females to avoid re-mating by deterring males. To date only one insect monoterpene 38 synthase has been described, in Ips pini (Coleoptera), and is a multifunctional TPS and 39 isoprenyl diphosphate synthase (IDS). Here, we combine linkage mapping and expression 40 studies to identify candidate genes involved in the biosynthesis of (E)-β-ocimene. We 41 confirm that H. melpomene has two enzymes that exhibit TPS activity, and one of these,
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terpene that is made (18, 19) . For example, DMAPP and one unit of IPP are converted by the 89 IDS geranyl pyrophosphate synthase (GPPS) to form geranyl pyrophosphate (GPP), which can 90 be converted by TPSs to monoterpenes, such as β-ocimene ( Fig. 1 ). DMAPP and two units of 91 IPP are converted by the IDS farnesyl diphosphate synthase (FPPS) into farnesyl diphosphate 92 (FPP), which can be converted by TPSs to sesquiterpenes (20) (Fig. 1 ). Finally, DMAPP and 93 three units of IPP are converted by the IDS geranylgeranyl diphosphate synthase (GGPPS) 94 into geranylgeranyl diphosphate (GGPP), which can be converted by TPSs to diterpenes (Fig.   95 1). (Table S1) (21, 27, 28) . We identified reciprocal best blast hits for all enzymes, except for 137 acetoacetyl-CoA thiolase (Fig. 2 ). There was a clear one to one relationship for all enzymes, 138 except for the IDSs which showed evidence for gene duplication. Of these, Heliconius 139 contains two putatuive farnesyl diphosphate synthases (FPPSs), four putative copies of 140 decaprenyl pyrophosphate synthase (DPPS) subunit two, and six putative geranylgeranyl 141 pyrophosphate synthases (GGPPSs) (Fig. 2) . 142 The biggest expansion found was that of the GGPPSs, which are IDSs that catalyse the 143 addition of IPP to FPP to form GGPP. One of these, HMEL015484g1, shows 83% amino acid 144 sequence similarity to the GGPPS of the moth Choristoneura fumiferana, which has 145 previously been characterised in vitro to catalyse the production of GGPP from FPP and IPP 146 (29). HMEL015484g1 is also the best reciprocal blast hit with the GGPPS of D. melanogaster 147 (Fig. 2) . The other five annotated GGPPSs show less than 50% similarity to the moth GGPPS, 148 such that their function is less clear. Table S1 ). 154 QTL for (E)-β-ocimene production on chromosome 6 155 In order to determine which of the genes identified above could be important for (E)-156 β-ocimene production in H. melpomene we took advantage of the fact that a closely related 157 species, H. cydno, does not produce (E)-β-ocimene (Fig. 3A) . These two species can hybridise 158 and, although the F1 females are sterile, F1 males can be used to generate backcross 159 hybrids. We bred interspecific F1 hybrid males and backcrossed these with virgin females of 160 both species to generate a set of backcross mapping families. The (E)-β-ocimene phenotype 161 segregated in families backcrossed to H. cydno and so we focused on these families (Figure 162 S1). Using quantitative trait locus (QTL) mapping with 114 individuals we detected a single 163 significant peak on chromosome six associated with (E)-β-ocimene quantity (Fig. 3B ). The
164
QTL peak was at 36.4 cM, and the associated confidence interval spans 16.7-45.5 cM, 165 corresponding to a 6.89Mb region containing hundreds of genes. The percentage of 166 phenotypic variance explained by the peak marker is 16.4%, suggesting additional loci 167 and/or environmental factor also contribute to the phenotype ( Figure S2 ). To identify candidate genes for (E)-β-ocimene production we searched within the 180 confidence interval of the QTL peak. We found that subunit 1 of DPPS, as well as all six 181 GGPPSs were found in this region ( Fig. 3C ). We then compared the expression levels of the 182 seven genes found within the QTL using published RNA sequencing (RNA-seq) data (30). We 183 first analysed data from H. melpomene male and female abdomens and heads, mapped to 184 the H. melpomene reference genome. Since (E)-β-ocimene is found in male abdomens in H. 185 melpomene, we hypothesised that its synthase would be highly expressed in this sex and 186 tissue. Only one gene showed male abdomen-biased expression: HMEL037106g1 (Fig. 4A , 187   Table S3 , sex*tissue, t=-4.35, p<0.01). All other genes did not show a significant bias in this 188 direction ( Fig.4A , Table S3 ). 189 We next compared gene expression between H. cydno and H. melpomene abdomens.
190
If HMEL037106g1 is synthesising (E)-β-ocimene, we expect its expression to be higher in H. 191 melpomene male abdomens than in H. cydno, given that H. cydno does not produce the 192 compound. We generated a reference-guided assembly of H. cydno by aligning an existing H. 193 cydno Illumina trio assembly (31), to the H. melpomene reference, followed by automated 194 gene annotation (see SI Materials and Methods). We then manually identified H. cydno 195 orthologs for our seven candidate genes and checked for differential expression between t=3.44, p<0.05). No other genes showed a significant bias in this direction ( Fig. S3 , Table S4 ).
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In summary, HMEL037106g1 and to a lesser extent HMEL037108g1 are primary candidate 201 genes from within the QTL region. We cloned HMEL037106g1 and HMEL037108g1 into plasmids and were able to 215 generate heterologous expression of both proteins in Escherichia coli. We then conducted 216 enzymatic assays with the expressed proteins using precursors from different points in the 217 pathway to characterise their enzymatic function ( Fig. 1, 5 ).
218
Firstly, we carried out assays with DMAPP and IPP, the two building blocks at the 219 beginning of the terpene synthesis pathway to test for both IDS and TPS activity, as was seen 220 in Ips pini (Fig. 1 ). HMEL037106g1 produced trace amounts of (E)-β-ocimene, linalool, 221 another monoterpene, and nerolidol, a sesquiterpene, in this assay. This presumably occurs 222 via the production of GPP and FPP, therefore HMEL037106g1 exhibits residual GPS and FPPS 223 activity, as well as monoterpene synthase and sesquiterpene synthase activity to convert the 224 GPP and FPP to (E)-β-ocimene, linalool, and nerolidol ( Fig. 5A , Table S6 ). HMEL037108g1 Table S7 ). 229 We then carried out assays with GPP and IPP, as well as GPP alone to test for 230 monoterpene synthase activity ( Fig. 1 ). HMEL037106g1 showed monoterpene synthase 231 activity, producing (E)-β-ocimene when provided with either GPP and IPP, or GPP alone ( Fig. 
232
5A, Table S6 ). Small amounts of (Z)-β-ocimene were also produced in treatments where (E)-233 β-ocimene was produced in large quantities (Table S6 ). In contrast to HMEL037106g1, 234 HMEL037108g1 only produced (E)-β-ocimene in very small amounts from GPP (Table S9) . 235 Instead, linalool was produced in large amounts from GPP, suggesting that this enzyme is 236 also acting as a monoterpene synthase but is responsible for production of linalool rather 237 than (E)-β-ocimene ( Fig. 5A , Table S7 ). HMEL037106g1 also produced linalool, albeit in much 238 smaller quantities ( Fig. 5A , Table S6 ).
239
Finally, we carried out assays with FPP and IPP to test for sesquiterpene synthase 240 activity ( Fig. 1 ). Although HMEL037106g1 exhibited small amounts of sesquiterpene 241 synthase activity through the trace production of nerolidol from DMAPP and IPP (Table S6) , 242 when provided with FPP alone, sesquiterpene synthase activity was not demonstrated, 243 suggesting it is not the primary enzyme function ( Fig. 5A , Table S6 ). In contrast,
244
HMEL037108g1 did exhibit sesquiterpene synthase activity, producing large amounts of 245 nerolidol when FPP was provided as a precursor ( Fig. 5C , Table S7 ).
246
Due to the linalool detected in treatments where (E)-β-ocimene was produced by 247 HMEL037106g1, we tested whether linalool could be a metabolic intermediate between GPP
248
and (E)-β-ocimene. However, HMEL037106g1 did not produce (E)-β-ocimene from linalool 249 ( Fig. S5 , Table S8 ). The two stereoisomers of linalool, (S)-linalool and (R)-linalool, have 250 different olfactory properties. We confirmed the stereochemistry of linalool produced by 251 both enzymes and found that whilst HMEL037106g1 produced mainly (S)-linalool,
252
HMEL037108g1 produced a racemic mixture ( Fig. S6 ).
253
In summary, HMEL037106g1 is a monoterpene synthase, catalysing the conversion of 254 GPP to (E)-β-ocimene ( Fig. 5C , Table S9 ). HMEL037108g1 is a bifunctional monoterpene and 255 sesquiterpene synthase catalysing the conversion of GPP to linalool as well as FPP to 256 nerolidol ( Fig. 5C , Table S9 ). Table S10 , S11). As expected from the previous experiments, (E)-β-ocimene is 283 also produced when HMEL037106g1 is provided with GPP, and linalool and nerolidol are 284 produced when HMEL037108g1 is provided with GPP and FPP, respectively. Geranylgeraniol 285 is not produced in any treatments, demonstrating that neither HMEL037106g1 nor 286 HMEL037108g1 is a GGPPS, as suggested by their annotation (Fig. S7 , S8, Table S10, S11). In increased (E)-β-ocimene production. We found that both losses and gene duplications have 308 occurred between the H. melpomene and H. erato clades, whilst gene copy number is 309 conserved between closely-related H. melpomene and H. cydno (Fig. S10 ). The exact 310 orthology between the H. erato and H. melpomene/H. cydno genes is unclear, but what is 311 clear is that H. melpomene/H. cydno have more genes in this family than H. erato (Fig. S10 ), 312 and that both clades have more genes than the ancestral lepidopteran state of one copy. 313 We also found evidence for the formation of pseudogenes following gene This is also seen for Herato0606.241 in H. erato. Furthermore, more recent pseudogene 317 formation could be seen in the H. cydno ortholog of HMEL22306g3, which contained 318 multiple stop codons, despite exhibiting transcription (Fig. S3 ).
319
In order to determine the number of evolutionary origins of insect and plant TPSs we Table S12 . Both plants and animals use terpenes as chemical signals, however, the terpene 342 synthases that make them have been identified in only a few insect species. Ocimene is a 343 common monoterpene and we have identified the first ocimene synthase in animals. We 344 identify a region of the genome responsible for differences in ocimene production and 345 discover a novel gene family within this region. We confirm ocimene synthase activity for 346 one of these enzymes (HMEL037106g1), and terpene synthase activity in a closely related 347 enzyme (HMEL037108g1). Neither of these genes are homologous to known plant TPSs and 348 represent a novel TPS family in Heliconius. Furthermore, they are also very different from Although we describe the first ocimene synthase in animals, ocimene synthases are 369 likely to be found in other groups. Both Bombus terrestris and Apis mellifera use ocimene as 370 a recruitment and larval pheromone, respectively (42, 43). While the biosynthetic pathway is not known in these groups, a similar pathway to that proposed here has been suggested in 372 A. mellifera (44). However, the existing data suggest that the loci responsible for ocimene 373 synthesis are also likely to be independently evolved. Unlike H. melpomene, only one GGPPS 374 is found in the Apis genome, whilst there are six FPPS genes, the result of lineage-specific 375 duplications (45). Although this needs to be confirmed by functional studies, based on the 376 genomic patterns, we predict that convergence between Lepidoptera and Hymenoptera in 377 the synthesis of ocimene also has an independent evolutionary origin.
378
Our findings also highlight the role that gene duplication plays in the evolution of with IDS and TPS activity (24-26). One hypothesis is that an IDS enzyme initially gained TPS 400 activity followed by gene duplication and subfunctionalization with enzymes specialised for 401 different enzymatic steps. HMEL037106g1 is the first specialised monoterpene synthase 402 described in animals. 403 We have identified a novel family of TPSs in Heliconius butterflies which is unrelated 404 both to plant TPSs and to the few examples of previously described insect TPSs. We confirm 405 that terpene synthesis has multiple independent origins in insects, which are themselves (Table S1 ) (45, 417 54). We used the BLAST interface on LepBase with default parameters (-evalue 1.0e-10 -418 num_alignments 25) (33, 55). We then searched these candidate orthologs against the 419 annotated proteins of D. melanogaster using the BLAST interface on FlyBase to identify 420 reciprocal best blast hits. We included in our results other hits with an e-value smaller than 421 1e-80 .
422
Crossing for quantitative trait linkage mapping 423 To map the genetic basis of ocimene production we crossed H. melpomene, which 424 produces (E)-β-ocimene, to H. cydno, a closely related species which does not. We crossed 425 these two species to produce F1 offspring and backcross hybrids in both directions. Female segregates for the QTL mapping ( Figure S1 ). We phenotyped and genotyped 114 individuals 432 from 15 backcross families in the direction of H. cydno. Bodies were stored in dimethyl 433 sulfoxide (DMSO) and stored at −20∘C for later DNA extraction.
434
Genotyping and linkage map construction 435 DNA extraction was carried out using Qiagen DNeasy kits (Qiagen). As previously 
452
The map constructed contained 447,820 markers. We reduced markers by a factor of 453 five evenly across the genome resulting in 89,564 markers with no missing data to facilitate 454 computation. We log-transformed amounts of ocimene produced to conform more closely 
465
Phenotyping of (E)-β-ocimene production 466 Chemical extractions were carried out on genital tissue of mature (7-14 days post- data available from ENA study ERP009507 (56). We then manually identified the H. cydno 482 orthologs of our seven candidate genes (Table S2 ) and curated the annotation to make it 483 compatible with RNA-seq analysis software (for details of the assembly and annotation 484 please see SI Materials and Methods). We performed quality control and low quality base 485 and adapter trimming on the RNA-seq data using TrimGalore! (63). We then mapped the 486 reads to the H.melpomene genome v2.5 (64) and our newly assembled H.cydno genome 487 using STAR (65). featureCounts (66) was used to produce read counts that were normalised 
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To test for male abdomen-biased expression within H. melpomene we included two 493 fixed effects, sex and tissue, as well as including individual as a random effect (expression ~ 494 sex + tissue + sex*tissue + (1|individual)). We were looking for genes with a significant 495 interaction between sex and tissue, showing higher expression in male abdomens. To test 496 for differences in expression between H. melpomene and H. cydno abdomens we included 497 two fixed effects, sex and species, as well as an interaction term (expression ~ sex + species + 498 species*tissue). We were interested in finding differences in the extent of sex-bias between 499 species, again detected by a significant interaction term with higher expression in H. (Table S5) , purified, sequenced for confirmation, ligated into expression plasmids, and 512 transformed into competent Escherichia coli cells. Cell cultures were grown to an OD600 of 513 0.5 were induced with 1mM IPTG and cultivated for a further two hours before collection by 514 centrifugation. Cells were resuspended in assay buffer and sonicated.
515
TPS and IDS activity was assayed using the soluble fraction of the cell lysate. We 516 added either DMPP and IPP, GPP and IPP, FPP and IPP, or GPP alone. We also tested for Pieris napi (pnv1x1), Manduca sexta (msex1), Bombyx mori (asm15162v1), and Plutella 529 xylostella (pacbiov1), using the BLAST interface (tblastn) on LepBase (33, 55). We also 530 included the previously identified orthologs from the H. cydno genome (Table S2 ). To check 531 that the predicted orthologs contained functional protein domains we used the NCBI 532 conserved domain search with default parameters (70). We deleted any proteins found 533 without complete functional domains, including a gene from H. erato, Herato0606.241. We 534 also did not include the H. cydno ortholog of HMEL22306g3 in the protein tree, as despite 535 showing transcription (Fig. S3 ), there were multiple stop codons within the coding region.
536
To focus on the Heliconius-specific duplications, we downloaded the transcript 537 sequences for the H. melpomene and H. erato proteins from LepBase and exported 538 transcripts for predicted genes in Apollo for H. cydno. (Table S2 ). We used gene 539 Herato0606.245 (GGPPS, shows high similarity to the GGPPS of the moth Choristoneura 540 fumiferana) to root the tree.
541
To investigate the evolutionary relationship of the Heliconius GGPPS we carried out a 542 broader phylogenetic analysis with other known insect and plant IDS and TPS proteins.
543
Protein sequences for these additional enzymes were downloaded from Uniprot (71).
544
Heliconius protein sequences were obtained as described above. We used an ocimene 545 synthase enzyme from Citrus unshiu to root the tree. 546 We aligned amino acid or DNA sequences using Clustal Omega on the EMBL-EBI 547 interface (72). Alignments were visualised using BoxShade (https://embnet.vital-548 it.ch/software/BOX_form.html). Phylogenies were inferred using FastTree, a tool for creating 549 approximately-maximum-likelihood phylogenetic trees, with default parameters (73, 74).
550
These phylogenies were plotted using the package ape and evobiR in R version 3.5.2. (75-551 77). To ensure correct placement of support values when re-rooting trees we checked phylogenies using Dendroscope (78, 79). Phylogenies and R code are available from OSF 553 (https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f).
554
Data availability 555 The H. cydno assembly is available from OSF 556 (https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f) and was assembled 557 using previously published sequencing data available from ENA study ERP009507 (56).
558
Sequencing data used to make linkage maps is available from ENA study ERP018627 (57).
559
RNA sequencing data of H. cydno and H. melpomene heads and abdomens was obtained 560 from GenBank BioProject PRJNA283415 (30). Raw data and scripts used for analysis are 561 available from OSF (https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f).
562
GC/MS data is available from Dryad Data Repository (XXXX). 
